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AN EVALUATION OF THE EFFECTS OF LUBRICANTS ON THE THERMODYNAMIC PROPERTIES AND PER-FORMANCE OF REFRIGERANT MIXTURES IN REFRIGERATION AND AIR CONDITIONING CYCLES. 
S. Corr", J.D. Morrisonb, F.T. Murphy" 
a /CI Chemicals and Polymers, Widnes Experimental Site, Waterloo Road, Widnes, Cheshire, WA8 OQD. 
b JCI Chemicals and Polymers, P.O. Box 8, The Heath, Runcorn, Cheshire, WA7 4QD. 
ABSTRACT 
A thermodynamic model based on a Wilson-MHV-2 methodology has been developed to predict the thennodynamic properties of quaternary mixtures comprising the refrigerants R-32, R-125 and R-134a and an IS032 mixed-acid polyol ester lubricant. The interaction parameters for this model have been derived by fitting to experi-mental VLE data for binary mixtures. The capability of the Wilson-MHV -2 model to predict the VLE behaviour of the quaternary lubricant-refrigerant mixtures has been examined by comparison with experimental VLE data measured di-rectly for a specific mixture composition. The model has been used to examine the effect of the presence of a polyol es-ter oil in perturbing the thennodynamic and performance properties of binary and ternary mixtures ofHFC-32, HFC-125 and HFC-134a at different points around the refrigeration cycle. Under most normal system operating conditions, the effects of oil are expected to be small but may increase significantly for those points in the cycle that are operating close to the dew point line of the oil-free refrigerant. 
INTRODUCTION 
Although they are by no means a new phenomenon, the development of a range of zeotropic refrigerants as alterna-tives to R-22 and R-502 has brought into industry focus the issues surrounding the utilisation of such refrigerants. Some ofthe main industry concerns around the use ofzeotropic refrigerants have been in the areas of; 
• composition shifts in systems 
• system leakage & top-up effects 
• refrigerant glide utilisation 
• performance assessment relative to conventional refrigerants 
• bulk storage & handling 
There have been a number of publications dealing with these issues, most of which are now either well understood or in the process of being defined (Corr et al 1994, Ferrari eta! 1994, Kruse et ali995). 
Whilst many of these aspects can be readily addressed by using models based on refrigerant mixture thennophysical properties alone, the behaviour and performance of refrigerants in systems is known to be affected by the presence of significant quantities of lubricants. In effect, the functional mixtures to be found around most refrigeration systems are zeotropic mixtures of refrigerant fluids with the lubricating oil. Although many researchers are measuring and predicting the thermodynamic properties of the new HFC refrigerant blends, there has been relatively little work on including the lubricant in these model descriptions or in theoretical refrigeration cycles. 
The behaviour of many refrigerant-lubricant mixtures have now been studied, primarily from the point of view of lu-bricant return and the properties (viscosity and surface tension) of the compressor sump contents, using VLE and solubil-ity data. (Henderson et al 1994) have utilised such data to rationalise the effect of lubricant on system evaporator and condenser behaviour, (Corr et al 1994) have used differential refrigerant solubility in sump oil as part of a model dealing with composition shifts of HFC blends in functioning systems. Whilst this approach is valuable, it does have limitations when compared to an approach that utilises an equation of state. The development of an equation of state model that can be used to predict the properties of mixtures across a wide range of both refrigerant mixture and refrigerant-lubricant mixture compositions and conditions offers the potential to be a much more flexible and useful approach. The principal advantage of using the latter is that state properties e.g. enthalpy and entropy, which are central to cycle performance, 
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can be calculated directly for the oil-refrigerant mixture at any system condition. In addition, such a model would bri
ng 
the ability to predict the vapour liquid equilibria (VLE) properties and vapour phase properties of zeotropic refrige
rant-
lubricant mixtures within the temperature and pressures ranges relevant to the refrigeration and air-conditioning i
ndus-
tries. 1bis work focuses on using such an equation of state to predict the thermodynamic properties of refrige
rant-
lubricant systems and, in particular, applying it to evaluate the perturbation effect of the presence of oil on the refri
gera-
tion cycle properties. 
EXPERIMENTAL 
A schematic diagram of the experimental apparatus for binary refrigerant-lubricant VLE data is given in figure I. 
MODEL DESCRIPTION 
Previous work (Morrison et al, 1995) has shown that the MHV-2 approach (Huron 1979, Michelsen 1990a, b, Dah
l 
1990) is able to predict the properties of ternary mixtures comprising R-32, R-125 and R-134a to less than I% diffe
rence 
in pressure over the saturation temperature range of interest (-40 C to 60 C). An attractive feature of this approach is
 that 
since it is based on a cubic equation of state it has few model parameters and can be developed using a limited qua
ntity 
of binary mixture experimental data. It therefore offers a compromise of moderate accuracy from limited experim
ental 
data rather than high accuracy from a more complex model that would require large amounts of experimental data. I
n the 
current work the MHV-2 approach has been extended to include the lubricant, which is very much less volatile tha
n the 
three refrigerants, as a fourth component. As a test of applicability, the MHV-2 approach has been used to predi
ct the 
VLE properties of this quaternary mixture for comparison with direct experimental measurements (figure 2). Ove
r the 
temperature range examined, the agreement between model and experimental pressures is better than 2.5%, particu
larly 
promising given the difficulties in measuring accurate refrigerant-lubricant binary VLE data, especially at low tem
pera-
tures and pressures. 
CYCLE PERFORMANCE CALCULATIONS 
The steady state quantity of lubricant present in a refrigeration system varies widely from around 0.1% by weight of 
refrigerant for many small hennetic compressors to around 10% or so in an automotive air conditioning system. In addi
-
tion, the cycling behaviour of the compressor can lead to periods of abnormally high lubricant content in the system.
 In 
the following examples, a lubricant content of2% was chosen as a representative value for many commercial install
a-
tions. It should be noted that although the effects described have been exemplified using zeotropic HFC refrigerant
 
blends, similar effects are obtained with azeotropic blends or even pure fluids. It is the presence of the relatively inv
ola-
tile lubricant and its interaction with the refrigerants that is responsible for the estimated effects described below. 
Model Evaporation and Condensation Process 
Consider a simple model evaporation process that occurs at constant pressure and with vapour-liquid equilibrium
 
along the length of the evaporator. Also, for simplicity, it is assumed in this particular example that at the evaporat
or in-
let the refrigerant is at the bubble point. This process is represented in the pressure enthalpy diagram in figure 3 by p
oints 
1 to 2. Figure 5 compares the calculated temperature profiles for R-407A (20/40/40 R-32/R-125/R-134a) alone and
 with 
2% oil as a function of mixture quality. The pressure was taken as 1.3 bar for all of these calculations. It can be seen that 
the presence of the oil does not affect the calculated temperatures significantly until the mixture quality exceeds 95%
. 
Normally, evaporation and condensation of zeotropic mixtures are described with reference to the dew and bubbl
e 
points of the mixtures. With boiling points in excess of 300C, addition of the lubricant significantly increases the
 dew 
point of any refrigerant mixture (figure 4). The refrigerant-lubricant mixture bubble point is, as expected, dominat
ed by 
the refrigerant bubble point properties. The complete refrigerant-lubricant mixture evaporation process effectivel
y oc-
curs in two stages, the first being essentially the evaporation of the refrigerant component and the second bein
g the 
evaporation of the oil. With the temperatures normally encountered in refrigeration and ale applications, the second part 
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of the evaporative process does not take place to any significant extent. In order to evaluate the effect of the oil on the evaporative process in a sensible manner, it is more informative to define the outlet temperatures for the evaporator from 
the refrigerant in the absence of oiL This could either be the dew point of the refrigerant blend (point 2 figure 3) or some 
superheated temperature (point 2' figure 3). 
With the inlet and outlet conditions (P,l) defined in this way for the refrigerant-lubricant blend, the effect of adding 
oil can now be considered by performing thermodynamic property calculations by simply including the lubricant as the fourth fluid component in the MHV-2 based modeL Figure 5 shows a comparison of the calculated refrigerant mass frac-
tion in the liquid phase for R-407 A without oil compared to that with 2% oil as a function of temperature. The outlet condition for the evaporation process is the dew point of R-407 A (without oil). It is clear from figure 5 that for all of the temperatures below -35 C, the oil has very little influence on the evaporative process. However, from -35 C to -33 C (R-407 A dew point) some residual refrigerant remains in the liquid phase in the case when the oil is present. This is a manifestation of the refrigerant solubility in the oiL Figure 6 shows the effect of the presence of 2% oil on R-407 A be-tween the inlet (l) and superheated outlet temperatures (2'). The difference in the calculated enthalpy, the residual liquid 
mass fraction and the residual liquid refrigerant mass fraction are displayed as percentage values. The first shows a pro-nounced minimum and the other two a maximum, close to the dew point of R-407 A. As the temperature is increased above the conventional (refrigerant-only) dew point, the solubility of refrigerant in the lubricant gradually diminishes and more refrigerant goes into the vapour phase. This has the effect of diminishing the perturbation effect of the oil from a calculated maximum of 4% for the enthalpy to around 1.4%. 
The effect of the presence of the oil on the condensation process has been evaluated in the same way as described 
above for the evaporation process. For example, figure 7 compares the temperatures for R-407 A with and without 2% 
added oil and plotted as a function of total liquid mass fraction. The magnitude of the enthalpy change due to the pres-ence of the oil is shown in figure 8. As with the evaporation process, figure 8 compares the properties across tempera-
tures that range from the bubble point of R-407 A at 20 bar to 20 K above the conventional dew point. The maximum 
perturbation is at the dew point ofR-407A i.e. at or close to the condenser inlet, and is slightly larger than that observed at the lower pressures (1.3 bar) relevant to evaporation (5.6% c. f. 4.0%). 
Isentropic Compression Process 
The effect of oil on the heat of compression has been studied by calculating the enthalpy of isentropic compression of the refrigerant-lubricant mixtures from the suction line pressure to a chosen discharge pressure. Two different compres-
sor inlet temperatures were considered as examples, each at suction line pressure of 1.3 bara. The first corresponds to the calculated dew point temperature ofR-407 A i.e. -33 C (point 2 in figure 3), the second corresponds to 20 K above the conventional dew point temperature i.e. -13 C. For each of the two compressor inlet conditions, four discharge conditions were studied; 15, 20, 25 and 30 bara. The calculated heats of compression for R-407 A and R-407 A with 2% oil are 
shown in figure 9. This clearly shows that the differences in calculated heat of compression are significantly greater for 
compressor inlet conditions at or near the dew point of the refrigerant blend than those further into the superheat region. 
Evaporator Operating Condition Effects 
The refrigeration effect is represented by the enthalpy difference between point 1 and point 2 in figure 3 (for simplic-ity, it is assumed that 100% liquid is present at the evaporator inlet i.e. that the expansion device flash enthalpy contrib-utes to the refrigeration effect). In this example, the refrigerant R-407C (23/25/52 R-32/R-125/R-134a) has been used to illustrate the effect of evaporator pressure on the refrigeration effect. Figure 10 shows the calculated refrigeration effect 
for R-407C with 0.5%, I% and 2% oil at three evaporator pressures, 1, 3 and 5 bara. In the absence of any superheat, I% oil reduces the refrigeration effect to approximately 95% of that calculated for R-407C alone. The magnitude of this in-
fluence increases with increasing evaporator pressure, a manifestation ofthe increased solubility of the refrigerants in the lubricant at higher pressure. The influence of the oil on the refrigeration effect increases roughly in proportion to the 
mass of oil present. As with figure 7, the magnitude of this reduction decreases with the addition of superheat beyond the conventional dew point. 
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Energy Efficiency 
The effect of the presence of oil on the calculated energy efficiency has been studied at eight different cycle condi-
tions. Using figure 3, the first four sets of conditions are represented by inlet evaporator conditions at point 1, outlet at 
point 2 the dew point for R-407 A and then compression to one of the four discharge pressures, represented by points 3(a), 
3(b), 3(c) and 3(d). The latter correspond to 15, 20, 25 or 30 bara. The second four sets of conditions are represented by 
inlet evaporator conditions at point 1, outlet at point 2' 20 K above the bubble point temperature of R-407 A and then 
compression to one of the four discharge pressures, represented by points 3'(a), 3'(b), 3'(c) and 3'(d). The results of the 
COP calculations for R-407 A with 2% oil are shown in figure I 1. The difference in the COPs relative to R-407 A have 
been calculated. It is clear from figure 11 that the extent to which the presence of oil influences the calculated COP is 
dependent on·the amount of superheating prior to the compression process. With 2% oil circulating around the system the 
maximwn reduction in COP is estimated to be around I 0% from the value for the pure refrigerant alone. Thls effect di-
minishes rapid! y with the addition of superheat, being minimal by the 20K superheat leveL 
CONCLUSIONS 
Calculation results for simple model evaporation, condensation and isentropic compression processes have shown that 
the presence of oil at levels of 1-2% can affect the calculated refrigeration effect, heat of compression and COP. Under 
most normal system operating conditions, the effects of oil are expected to be small but may become significant for 
those points in the cycle that are operating close to the dew point line of the oil-free refrigerant. Although the work pre-
sented here has focused on refrigerants from the R-400 series, it should be emphasised that the findings are equally appli-
cable to other systems including single component and azeotropic refrigerants. These fmdings are in good agreement 
vvith what has been observed experimentally (McMullen et al 1988) where pronounced reductions in refrigeration effect 
and COP are observed at low levels of superheat with Rl2 and mineral oil. These calculation results emphasise the im-
portance of including lubricant effects in the development of detailed cycle performance models. The work described in 
thls paper shows that the approach of using an equation of state based model to describe lubricant-refrigerant systems is 
promising and should be developed further for use in theoretical cycle performance analysis. 
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Figure 1 Schematic diagram of apparatus used for 
experimental VLE measurements 




Figure 3 Schematic pressure-enthalpy diagram 












1.3 bar pressure 
-40 -39 -38 -37 -36 -35 -34 -33 
Temperature (C) 
Figure 5 Comparison of calculated refrigerant mass fraction 
in the liquid phase as a function of temperature 
Flash Expt vs MHV-2 Model 
R-407 AJRL32S System 
i :!t----~------1 
1:1 ;-~~ 
-~4~0----~-2~0------~-----2~0------~40 _______ 6~0----~80 
Tempe111tuno (C) 
3-1~ E.MKARATE RL32S pQIYQI ester ll'ixb..lre 
Figure 2 Calculated versus experimental vapour pressures for 
quaternary R-32, R-125, R-134a, POE mixtures 










-45~----~----~~----------~----_j 0.5 0.6 0.7 0.8 0.9 
Quality 
1.3 bar pressure 
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Figure 6 Calculated % differences in Enthalpy, 
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Refrigerant (only) Mass Fraction for R-407A 








Model. COndensation Process 
100~--------------------------------------. 
90 e: 
~ 80 '. 
~ 70 \ 







20 bar pressure 
2 3 
Liquid Mass Fraction 
(Times 1 E-1 ) 
4 5 
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Figure 8 Calculated %Enthalpy difference for R-407 A with and 
without 2% POE oil. 
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Figure 10 Influence of evaporator conditions on the 
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Figure 11 Effects of oil and superheat on the 
calculated theoretical cycle COP 
